Norwalk virus, a noncultivatable human calicivirus, is the major cause of epidemic gastroenteritis in humans. The first x-ray structure of a calicivirus capsid, which consists of 180 copies of a single protein, has been determined by phase extension from a low-resolution electron microscopy structure. The capsid protein has a protruding (P) domain connected by a flexible hinge to a shell (S) domain that has a classical eight-stranded ␤-sandwich motif. The structure of the P domain is unlike that of any other viral protein with a subdomain exhibiting a fold similar to that of the second domain in the eukaryotic translation elongation factor-Tu. This subdomain, located at the exterior of the capsid, has the largest sequence variation among Norwalk-like human caliciviruses and is likely to contain the determinants of strain specificity and cell binding.
Norwalk virus (NV) and Norwalk-like viruses (NLVs) are human caliciviruses (1) that account for over 96% of outbreaks of acute, nonbacterial gastroenteritis in the United States (2) . These emerging, human pathogens are difficult to study because they remain refractory to cultivation in either tissue culture systems or animals. Native, infectious virions are difficult to characterize owing to the extremely low amount of virus excreted from humans. Virus is rarely seen unless stool samples are examined by immune electron microscopy (1) . Successful cloning of the viral genome followed by production and purification of recombinant NV-like particles (3) have been instrumental in advancing the epidemiological, immunological, and biochemical properties of these viruses (4) . However, further understanding of the viral replication strategies, pathogenesis, and immunity remains hindered by a lack of infectious molecular clones and cultivation systems. Recently, sequence analysis of NLVs has shown an unexpected diversity that may reflect a high number of serotypes, as seen for rhinoviruses, suggesting that antiviral drugs will be required to treat human calicivirus infections (2, 4) . Knowledge of the atomic structure of these viruses now provides a foundation for dissecting the antigenic properties of caliciviruses as well as providing insights into the molecular interactions that govern virus assembly and genome encapsidation. This structural information can guide mutational analyses to test new approaches for virus cultivation and could lead to the design of antiviral compounds.
Norwalk virus contains a single-stranded, positive-sense, RNA genome of about 7.7 kb (3) that is incorporated within a shell consisting of multiple copies of a single protein of ϳ56.6 kD (3, 5) . Electron cryomicroscopy (cryo-EM) and computer image processing techniques have been used to study the threedimensional structures of recombinant Norwalk virus (rNV) particles and two other animal caliciviruses at about 22 Å resolution (6) . These studies have shown that caliciviruses exhibit a T ϭ 3 icosahedral symmetry with 180 molecules of the capsid protein organized into 90 dimers (Fig. 1A) . The capsid has a contiguous protein shell between 100 and 145 Å radius, with prominent protrusions at all the local and strict twofold axes that extend to an outer radius of ϳ190 Å, leaving large depressions at the icosahedral five-and threefolds axes. We report here the structure of the rNV capsid at near atomic resolution as determined by x-ray crystallography. Crystals of the rNV particles diffracted to at least 3.2 Å resolution by synchrotron radiation. The x-ray phasing was accomplished to 3.4 Å resolution (Fig. 1B) by electron density averaging starting with the cryo-EM structure as an initial phasing model (7) .
The structure of the capsid protein, which exhibits both classical and novel features, can be described as having two principal domains, S and P, linked by a flexible hinge (Fig. 1, C and D) . The S domain is involved in the formation of the icosahedral shell, and the P domain forms the prominent protrusion emanating from the shell. The NH 2 -terminal 225 residues constitute the S domain. Residues 50 to 225 fold into a classical eight-stranded antiparallel ␤ sandwich, a common fold seen in many viral capsid proteins. The eight ␤ strands, conventionally denoted as B to I, are organized into two sheets, BIDG and CHEF, in a manner similar to that seen in other proteins with this fold. The two ␣ helices (␣A and ␣B), frequently associated with this fold, are positioned between the C and D, and E and F strands, respectively. The loop that connects the E and F strands has a Pro-Pro-Gly sequence that is conserved among different NLV strains. This sequence is also conserved in the structural proteins, VP1, VP2, and VP3 of several picornaviruses, as a part of the E-F loop (8) . This motif, located near the quasi threefold axis of each icosahedral asymmetric unit, may have a structural role in maintaining appropriate intersubunit contacts.
The fold of the P domain, formed by residues 225 to the COOH-terminus, is unlike that of any other viral protein. This domain is made of two subdomains: P1, consisting of residues 226 to 278 and 406 to 520; and P2, consisting of residues 279 to 405 (Fig. 1C) . The P2 subdomain is a large insertion between the residues 278 and 406. Residues 285 to 380 in the P2 subdomain fold into a compact barrel-like structure consisting of six ␤ strands. The fold of the polypeptide in this domain, as indicated by the program DALI (9) , is similar to that seen in the RNA binding domain 2 (residues 215 to 307) of the elongation factor-Tu (EF-Tu), a GTP binding protein involved in transporting aminoacyl-tRNAs to ribosomes (10) . The root mean square deviation [calculated with the procedure described in (11) ] between the matching 62 C␣ atoms (out of 92 residues) was ϳ2.9 Å. This similarity suggests a possible role for the P2 subdomain in viral or cellular RNA translation and regulation of protein synthesis.
Within the P1 subdomain, residues 226 to 278 contain three short stretches of ␤ strands, whereas the COOH-terminal 114 residues contain six ␤ strands and a well-defined ␣ helix. Although no statistically significant scores were obtained when the whole P1 or the COOH-terminal portion alone was compared with other proteins in the Protein Database [with the DALI program (9)], the folding pattern is not entirely unique. The residues from 450 to 490 containing four ␤ strands form a twisted antiparallel ␤ sheet having a Greek-key motif (12) in which the fourth strand folds back to interact with the first strand.
To form a T ϭ 3 icosahedral structure, the capsid protein has to adapt to three quasiequivalent positions. The subunits at these positions are conventionally referred to as A, B, and C (13). In the modular structure of the capsid protein, the S domain is involved in the icosahedral contacts ( Fig. 2A ), whereas the P domain is exclusively involved in the dimeric contacts (Fig. 2B) . The P domains of the A and B subunits interact across the quasi twofold axes to form the dimeric protrusions as seen in the cryo-EM reconstruction (Fig.  1A) . Similarly, the P domains of the C subunits interact across the icosahedral twofold axes. The A/B and C/C dimers are stabilized mainly by interactions between the side chains of the participating monomers with a total contact area of about 2000 Å 2 . The packing of the S domains of an A/B dimer has a "bent" conformation, whereas in the C/C dimer the packing has a "flat" conformation (Fig. 2B) . Switching between the "bent" and the "flat" conformations, as seen in other T ϭ 3 viruses (13, 14) , facilitates the appropriate curvature for the formation of a closed shell. Although the packing of the S domains in the rNV capsid is very similar to that in other T ϭ 3 and P ϭ 3 (pseudo T ϭ 3) viruses, the mechanism of mediating the local curvature in the icosahedral shell appears to be different. In the other T ϭ 3 viruses, the dimeric S domains pivot about an axis parallel to the ␣A helix, perpendicular to the dimeric axis, dividing the A/B and C/C contacts above and below the pivot axis, respectively. In plant viruses, such as tombus and sobomo viruses (15, 16) , the ␤A arm (NH 2 -terminal extension of the ␤B strand in the ␤ sandwich) of the C subunit is wedged between the opposing S domains of the C/C dimer, to keep the C-C contacts flat. In the insect nodaviruses, a portion of the genomic RNA and a small ordered NH 2 -terminal portion of the COOH subunit keep the C/C dimers flat (17) . In the Norwalk capsid, the S domains undergo small, localized conformational changes to maintain essentially the same interactions between the opposing S domains in both A/B and C/C dimers. The residues 49 to 54 (equivalent of ␤A) in the NH 2 -terminal arm, and the ␣A helix participate in these interactions in both the dimers. The ␤A strand is essentially a continuation of the ␤B strand separated by a kink, instead of a distinct strand of opposite polarity as seen in the C subunits of T ϭ 3 plant viruses (Fig.  2C) . Pivoting about an axis parallel to the ␣A helix, together with an azimuthal rotation of the S domains with respect to the P domains facilitated by the hinge between the S and P domains, imparts the differential curvatures to the A/B and C/C dimers.
The structures of A and B subunits remain essentially the same, maintaining a similar relative orientation between the S and P domains. The difference between the two subunits is mainly in the NH 2 -terminal residues. In the B subunit, the NH 2 -terminal nine residues are disordered, whereas in the A subunit (and also in C), the NH 2 -terminal 29 residues are disordered. The ordered NH 2 -terminal residues of the B subunit interact with the ␤F strand in the S domain of the neighboring C subunit around the icosahedral threefold axis (Fig. 2C) . The observed hydrogen bond interactions between the P1 (residues 505 and 506) and the S (residues 64 and 65) domains in the A and B subunits may be necessary for maintaining the "bent" conformation of the A/B dimer. These interactions are absent in the C/C dimer because of the change in the relative orientation between the S and P domains. The "flat" conformation of the C/C dimer might be stabilized by the interactions with the ordered NH 2 -terminal residues of the neighboring B subunits. Sequence comparisons between the capsid proteins of genetically distinct human calicivirus strains (4 ) indicate that the S domain represents the most conserved region of the sequence. Whereas the P1 subdomain is moderately well conserved, the highly variable part of the sequence between residues 280 and 400 is in the P2 subdomain, which is the most exposed region of the structure. Therefore, this region may contain the determinants of strain specificity. Presently there are no data on how these viruses interact with the host cells. However, it has been shown that a monoclonal antibody that recognizes a region between the residues 300 and 384 in the P2 subdomain inhibits binding of rNV capsids to cells (18) , suggesting that the P2 subdomain is also involved in cell binding activity.
Mutational analysis indicates that the deletion of the entire P domain inhibits particle assembly and the dimer formation (19) . The rNV structure shows that most of the interactions between monomers that constitute a dimer reside in the P domain. These observations suggest that the dimers are likely to be formed before capsid assembly. The large contact area, ϳ1800 Å 2 , between the symmetry-related S domains of the A/B dimers around the fivefold axis suggests that pentamers of dimers are likely formed as intermediates in the assembly pathway. The dimers may coexist in the two conformational states seen in the capsid structure. The "bent" A/B dimers associate to form the pentamers, which are then joined together by the inclusion of "flat" C/C dimers to complete the assembly (Fig. 3) . The NH 2 -terminal residues of the B subunits in the pentamer of A/B dimers may provide a switch for selectively incorporating the C/C dimers in this process. A similar assembly pathway from pentamers of A/B dimers has been suggested for southern bean mosaic virus (20) . An alternative pathway with trimers of C/C dimers, as proposed for tombus viruses (21) , is less likely because there are no significant contacts between the threefold related C/C dimers in the NV capsid.
Particle assembly is not linked to protein-RNA interactions because the recombinant capsid protein readily assembles without the genomic RNA. Because of the absence of appropriate sized holes in the capsid structure, it is unlikely that the RNA is encapsidated after the capsid assembly. Instead, the genome packaging could be concomitant with capsid assembly. The NH 2 -terminus of the NV capsid protein, located in the interior of the particles, as in many other T ϭ 3 and P ϭ 3 virus structures, lacks a predominance of basic residues and therefore may not directly play a role in the encapsidation of the viral genome. Possibly, the highly basic pro- Fig. 2. (A) Interactions between the S domains in the icosahedral shell of the rNV capsid. The S domains of the three quasiequivalent subunits, A, B, and C, which constitute the asymmetric unit of the T ϭ 3 lattice, are colored in blue, red, and yellow, respectively. The asymmetric unit is indicated by a triangle along with the locations of the five-and threefold axes. Application of the icosahedral symmetry elements generates all 60 asymmetric units of the lattice. Five-and twofold related asymmetric units, namely B (subscripted by 5) and C (subscripted by 2) subunits, respectively, are also shown. The A and B subunits of the fivefold related asymmetric units interact across the quasi twofold axis (mid-point of the line joining icosahedral threeand fivefold axes) to form the A/B dimer. Similarly, the two C subunits related by the icosahedral twofold axis form the C/C dimer. For clarity the P domains are not shown. (B) The A/B (left) dimer as viewed along the line joining the icosahedral thee-and fivefold axes; and the C/C dimer (right) as viewed along the line joining the adjacent icosahedral threefold axes. In both cases, the dimeric twofold axis is vertical. The bent and the flat contacts of the opposing S domains of the A/B and the C/C dimers are clearly seen in this view. To superimpose the P domains of A/B with those of C/C, the C/C dimer has to be rotated by 8°about the dimeric twofold axis. (C) The NH 2 -terminal residues (shown in green) of the three subunits (in tapeworm representation) as viewed from inside the capsid structure. Residues 10 to 14 of the NH 2 -terminal arm of the B subunit interact with the F strand of the CHEF sheet in the neighboring C subunit. The position of this inserted arm of the B subunit forces the NH 2 -terminal residues of the C subunit to be disordered and helps impose the threefold symmetry on the interactions around the quasi sixfold position. The dimer contacts involving ␣A helix and ␤A strand between the S domains of A/B are shown in this view. The color coding of the S domains in (B) and (C) is the same as in (A), and the P domains are shown in white.
tein encoded by the open reading frame 3 of the viral genome, which has recently been shown to be a minor structural component in an animal calicivirus (22) and in the Norwalk virus (23) , is involved in RNA encapsidation.
In summary, the first atomic structure of a calicivirus has been determined by combining cryo-EM and x-ray crystallographic techniques. Compared with other T ϭ 3 and P ϭ 3 viruses, the architecture of NV closely resembles that of the plant tombus viruses (15) , which also have a well-defined shell domain and a protruding domain. The S domains of the tombus viruses, like those of NV, have the classical eight-stranded ␤ sandwich. However, there is little resemblance in the topology of their P domains. Whereas the P domains of tombus viruses have a 10-stranded antiparallel ␤-sandwich structure, part of the P domain of the NV capsid protein contains a fold similar to the domain 2 of EF-Tu protein. Further studies are required to establish if there is a functional significance to this EF-Tu-like fold in the NV capsid protein.
Although the structural features and the domain organization that is seen in the NV capsid are likely to be conserved across all human calicivirus strains, the P2 subdomain, which is an elaborate insertion in the P1 subdomain, may serve as a replaceable module to facilitate strain diversity. 783 (1990) ] and particle position was found by translation function calculations with the cryo-EM structure as the model. The asymmetric unit of the crystal contains half a particle, with one of the icosahedral twofold axes of the particle coincident with a crystallographic twofold axis; as a result, the noncrystallographic redundancy is 30-fold. The cryo-EM structure was used for obtaining the initial phases. Carbon atoms with a temperature factor of 500 Å 2 were placed at all the grid points (spaced 5 Å apart) whose density values were above a selected threshold in the cryo-EM map. The phases were refined by real space electron density averaging with icosahedral symmetry elements and solvent flattening. Phase extension and refinement was carried out gradually in steps of one reciprocal lattice point by iterative cycles of molecular averaging, solvent flattening, and back transformation as described [M. G. Rossmann et al., J. Appl. Crystallogr. 25, 166 (1992) ]. A radial mask with an internal radius of 95 Å and an external radius of 200 Å was used during the phase extension. The entire phase extension to 3.4 Å resolution took 138 steps, and each step included at least five cycles of noncrystallographic 30-fold averaging. At 3.4 Å resolution, the overall correlation-coefficient was 0.85 with an R factor of 20% (0.54 and 29%, in the highest resolution shell). The electron density map was of good quality and allowed interpretation in terms of the secondary and tertiary structures of all the quasiequivalent subunits. Atomic models, including the side chains of the three quasi-equivalent subunits, were built into the electron density map with the A proposed assembly pathway. For simplicity, only the S domains are shown. The color scheme is the same as in Fig. 2A .
